Abstract: We introduced a computer program developed for the numerical analysis of thermal conditions of all segments and blood circulatory systems in the human body to precisely evaluate human thermal physiological responses. In this program, a cylindrical model consisting of internal multi-layers is adapted for the segment of the human body. For the multi-layered concentric cylindrical model we adopted a new numerical solution method. By using this computer program the internal tissue temperatures, heat fluxes and blood temperatures of all segments in the human body could be calculated simultaneously. This program also included a subroutine for calculation of thermoregulatory response. This paper describes the improvements made to this computer program for simulating individual physical differences and its application to various working levels. The main points for improvement were the assigning procedures of physical characteristics of individuals and local muscle heat production. The improved computer program was used to simulatethe whole body temperatures of the subjects during exercise described in Gagge, Stolwijk and Saltin (1969) 1) were simulated. The calculated results were agreed with the measured results under the combination of the three kinds of exercise and the three types of environmental condition.
Introduction
Accurate information on thermal conditions within the human body is required for precise evaluation and control of indoor and outdoor working thermal environments for both energy efficiency and human health. For this reason several mathematical models of thermoregulation in humans have been developed [2] [3] [4] [5] [6] [7] . We developed a computer program for the numerical analysis of thermal conditions of all segments and blood circulatory systems in the human body.
The advantages of this program were larger numbers of blood temperature valuables and the fact that the controlling outputs of the thermoregulation model had local characteristics. We first presented an anatomical and physiological model expressing the local characteristics of each segment of the human body, which were fitted to the average Japanese male subject 8) . In the model each segment is a concentric cylindrical shape consisting of internal multi-layers. For the prediction of body temperatures and heat fluxes in the human body a solving procedure for the heat transfer equation of each segment in the human body is required [8] [9] [10] . To save time in computing we developed an algorithm for the heat transfer equation of each segment in the human body. This algorithm is perfectly adequate for the present concentric cylindrical model for each segment. Using the algorithm we presented several examples of calculated body temperatures and heat fluxes under the assumption that the arterial blood temperature entering to a segment is known. This program also included a subroutine for calculation of thermoregulatory responses 8, 12) . The comparison between the measured and the calculated results under six different thermal environmental conditions proved the validity of the program for an average Japanese male subject seated in a chair 12) . This paper describes the improvements made to a computer program for simulating individual physical differences and its application to various working levels. The main points of improvement were the assigning procedures of physical characteristics of individuals and local muscle heat production. The improved computer program was used to simulate the whole body temperatures of the subjects during exercise described in Gagge et al. 1) . The calculated results agreed with the measured results under the combinations of the three kinds of exercise and the three types of environmental conditions. These calculated results suggested the validity of the present mathematical model expressing the local characteristics of each segment including a subroutine for calculation of physiological thermoregulatory responses for evaluating human responses at various combinations of thermal environmental conditions and working levels.
Material and Methods

Mathematical model
An anatomical model of the human body is divided into 16 segments as shown on the left side of Fig. 1 . Each segment is subdivided into five function layers, i.e. the viscera, bone, muscle, fat and skin layers. The right side of Fig. 1 illustrates a multi-layered model for the extremities. Table 1 shows the fundamental thermal properties of bone, muscle, fat, skin and blood. Table 2 indicates the thermal properties of internal organs assigned in the present study according to the previous study 8) , in which the values of M and f are fitted to those at the resting level. Inflow and outflow of blood play integral roles in heat transfer phenomena in the body. Figure 2 is a schematic diagram illustrating the circulatory system. In Fig. 2 symbols A and V refer to the arterial and venous blood pools, respectively. In each segment a pair of large arterial and venous blood pools corresponds to the larger artery and vein. In each layer a pair of arterial and venous blood pools corresponds to the smaller arteries and veins as well as the capillaries.
In Table 3 heat transfer equations for the human body are shown. The upper equation (1) is adapted for the tissue, e.g. skin, fat, muscle and bone, and in some cases for brain or liver. The middle (2) and lower (3) equations are heat transfer equations for arterial and venous circulatory systems. In equation (1) conduction term. The second is the heat exchange term between the entering arterial blood and the tissue. The third and the fourth terms refer to the heat transmission through the vessels between the tissue and the arterial and the venous systems respectively. In comparison with the second term, the third term has less of an effect on heat transfer in the tissue. The fifth term, an upper case M expresses the heat generation term. Heat generation is the origin or source term for the heat transfer equation. In equations (2) and (3) both of the terms on the left side express heat storage. The first terms on the right shows heat exchange between the entering blood from an adjacent system or region and the present blood system. The second term shows the heat exchange between tissue and the blood system. Since the arterial and venous blood pools govern some tissue areas, it is necessary to use area integrals. The third term expresses the heat exchange between the arterial and venous blood pools.
Using both compatibility and equilibrium conditions between their interfaces the final simultaneous equations of the entire subject region should be introduced. At the skin's surface, outflow heat flux is equal to the sum of heat loss to the environment, convection, radiation and evaporation.
According to the above theoretical consideration, we developed a computer program to predict internal tissue temperatures, heat fluxes and blood temperatures simultaneously. Figure 3 is a flowchart describing this computer program. The subroutine part of the calculation of thermoregulatory response is based on a mathematical modeling shown in Table 4 . The precise values of the parameters in the mathematical model of thermoregulatory response were shown in our previous reports, which were fitted to the average Japanese male subject 12, 18) . We adopted a new numerical solution method consisting of a linear combination of modified Bessel functions 9) . By using this solution method steady-state and initial temperature distributions within the human body could be easily determined and/or assigned. The algorithm for transient state was an ordinary finite element method. Comparison between the measured and calculated results under six different types of thermal environmental conditions proved the validity of the program for the average Japanese male subject seated in a chair 12) .
Assigning procedure for individual physical differences
We made several efforts to improve the computer program. One of the most important improvements was a new assigning procedure for individual physical differences. The previous program had an anatomical data set concerning 16 segments and five function layers; viscera, bone, muscle, fat and skin layers of each segment, which was fitted to a standard Japanese male subject (height: 171 cm; weight 65 kg) 8) . We proposed three strategies for application of this the computer program to subjects with individual physical differences. One of the best procedures was an assignment of individual anatomical data obtained using computerized tomography. The second was a procedure using individual shape data obtained through three-dimensional body surface scanning technology, which afforded precise measurements of length, volume and surface area of each segment. The third and simplest procedure was the assignment of anatomical data estimated using simple somatometric measurements, e.g. body weight, height and skin fold thickness, modified values of the standard Japanese male subject's data set.
Application for various working levels
We had already used this computer program to report several calculated results that agreed well with the measured results 11, 12) . However in our previous papers the types of human activity included sitting in a chair and/or at a desk working level. Further efforts were necessary to improve the computer program so that it could be adopted for use with various working levels. For this reason the most difficult task would be the assigning of heat production rates to muscle layers in active segments. On the other hand, Yokoyama proposed a prediction method for local muscle metabolic rate with total metabolic rate and electromyograms 13) . Using our method numerous heat production rates at various working levels were determined 8, [13] [14] [15] [16] [17] . The left column in Table 7 presents an examples of predicted local metabolic rates obtained using a bicycle ergometer.
Results and Discussion
The advantages of this program were larger numbers of blood temperature valuables and the fact that, unlike previous models, the controlling outputs of the thermoregulation model had local characteristics [2] [3] [4] [5] [6] [7] . By using the improved computer program, we were able to simulate the whole body temperatures of the subjects during exercise described in Gagge et al. 1) were simulated. The experimental results of a combination of three kinds of exercise and three types of thermal conditions were presented as shown in Table 5 . Table  6 indicates that the values of physical characteristics of their subjects were larger than those of the average Japanese male subjects. The above mentioned assigning procedure for anatomical data was used to estimate the simple somatometric measurements described in their paper and modify values of the standard Japanese male subject's data set. We also improved the assigning procedure for the local muscle heat production rate corresponding to the type of exercise. As described above we have a great deal of predicted data concerning local muscle metabolic rate. We assigned the local muscle energy metabolic rates of unit volume in the case of the use of a bicycle ergometer, just as was done in the experiment by Gagge et al. (see Table 7 ).
Gagge et al. 1) reported only average physiological data after 30 to 40 min of exercise at various ambient temperatures. We made a comparison between their measured average data and our calculated results after 40 min. Figure 4 shows the relationship between rectal temperature and total metabolic rate. The calculated results agreed with the measured results at three work levels and three air temperature levels or under nine different combinations. It was pointed out that the calculated results of rectal temperature together with measured results are proportional to the total metabolic rate under the present thermal conditions. Our prediction computer program for whole body temperatures was able to simulate one of the integral aspects of thermoregulation response during exercise 1, 18, 19) . Figure 5 shows the relationship between mean skin temperature and total metabolic rate. It was shown that both calculated and measured mean skin temperatures are independent of the total metabolic rate under the combinations of the three kinds of exercise and the three types of thermal environmental conditions, which is another important aspect of thermoregulation response during exercise 1, 18, 19) . Figure 6 shows the relationship between rectal temperature and air temperature. The calculated results were also agreed with the measured results at three work levels and three air temperature levels or under nine different combinations. It was pointed out that the calculated results of rectal temperature together with measured results are independent of air temperature under the present thermal conditions. Our prediction computer program for whole body temperatures was able to simulate an important aspect of thermoregulation response during exercise 1, 18, 19) . Figure 7 shows the relationship between mean skin temperature and air temperature. The calculated results were also agreed with the measured results under the combinations of the three kinds of exercise and the three types of thermal environmental conditions. It was pointed out that the mean skin temperature is proportional to air temperature under the present thermal conditions. The calculated results were agreed with the measured results under the combinations of the three kinds of exercise and the three types of environmental conditions (see Figs.  4-7) . The levels of rectal temperature are dependent on exercise level and independent of thermal environmental conditions (see Figs. 4 and 6 ). On the other hand skin temperatures are dependent on thermal environmental conditions (see Figs. 5 and 7 ). These facts are well known as thermoregulation responses during exercise 1, 18, 19) . Our prediction computer program for whole body temperatures was able to simulate these important aspects of thermoregulation response during exercise. These suggested the validity of this computer program for expressing the local characteristics of each segment including a subroutine for the calculation of physiological thermoregulatory responses to evaluate human responses at various combinations of thermal environmental conditions and working levels. 
